ABSTRACT
In the current study, we compare the gag sequences of actively transcribing viruses in permissive 69 cells of the oral mucosa to latent proviruses in the blood of individual free-ranging macaques.
70
The level of viral RNA in buccal swab samples was quantified for a subset of the animals. We 
76
Hosts are known to synthesize proteins that can restrict retroviruses. Much work has been done 77 on the APOBEC cytidine deaminases, reviewed in [17] . A number of groups have shown that 78 APOBEC3G deaminates cytidine in the HIV genome, and that HIV encodes a protein (Vif) to 79 specifically counter APOBEC3G [18] . Recently, it has been shown that macaques synthesize 80 APOBEC3F and APOBEC3DE, but little APOBEC3G in PBMC [19] . In this report, we present 81 evidence that some SFV in naturally infected rhesus macaques exhibit hypermutation 82 characteristic of APOBEC3 activity. This is true for both transcriptionally active viruses and 83 latent proviruses.
84

MATERIALS AND METHODS
85
on November 13, 2017 by guest http://jvi.asm.org/ Downloaded from Sample collection. 86 The present study includes samples from 61 free-ranging rhesus macaques (Macaca mulatta) in 87 Bangladesh, from 5 geographically distinct sites. The sites are described in [16] . Capture and 88 blood sample collection methods have been previously described [16] . Oral mucosal samples 
100
Isolation and cloning of gag DNA from whole blood.
101
Total genomic DNA was extracted from the whole blood of macaques using the QIAamp DNA 102 blood mini kit (Qiagen, USA) according to manufacturer's protocol. The DNA extracted from 10 103 µl of whole blood was used for PCR amplification of a gag fragment as described in our 104 previous paper [16] . First round primers G1 (+) 5'AGGATGGTGGGGACCAGCTA, G2 (-) 5'
RT-PCR was performed to clone partial gag sequences (1235 bp) from buccal swab RNA. First 129 strand cDNA was synthesized using the Thermoscript RT-PCR system (Invitrogen, USA) or
130
Maxima H Minus First Strand cDNA synthesis Kit (Thermo Scientific, USA) according to the 131 manufacturers' protocols using Oligo(dT) 18 primer. The RT reactions were inactivated at 85°C 132 for 5 min. The resulting cDNAs were used as template for two round PCR as described above for 133 whole blood FV DNA amplification. PCR products were cloned and sequenced as described 134 above for whole blood genomic DNA. The gag sequences from 61 macaque buccal swabs from 135 an average of 6 clones are reported here.
136
Quantitation of FV RNA.
137
Quantitative RT-PCR (qRT-PCR) was performed using 10 µl of each RNA sample, using the
138
TaqMan One-Step RT-PCR Master Mix Reagent Kit and analyzed using the ABI 7900 Real
139
Time PCR system (Applied Biosystems, USA) according to manufacturer's instructions.
140
Primers and probes were designed to detect an 80 nucleotide highly conserved region near the C-
141
terminus of the gag gene as described previously [3] . The primers used were gag1759F, 
202
Statistical analysis.
203
Buccal swab SFV RNA copy numbers were compared using a Wilcoxon signed-rank test.
204
Samples for which neither 18S rRNA nor SFV copy number could be established were left out of 
208
Significance of observed congruence between strain classifications was analyzed using a 209 simulation method. In each of the simulations performed, blood strain assignments were held 210 fixed, while the buccal assignments were shuffled between animals. If an animal had more than 211 one strain in its buccal sample, those strains were reassigned together as a unit in this shuffling.
212
The congruency score for a set of animals was defined as the sum total of the number of strains 
RESULTS
229
The overall goal of the work described here is to determine whether SFV proviral DNA tissues. The remaining animals had a combination of one or both strains in the blood and buccal 288 swab samples. Only two animals had complete discordance between blood and buccal strains.
289
The dhamrai (DM) viral strain was dominant in latent proviruses in Narayanganj macaques 290 (Table 1C) . BM2, DK, and NCS, some of which were found to be recombinant with the core 291 strains, were also present. We have performed controls to rule out PCR-generated recombination
292
as the source of these strains, indicating these recombinants arose naturally in macaques [16].
293
We have confirmed the presence of SFV RNA in 3 buccal swabs from Narayanganj macaques.
294
Two of these animals had congruent blood and buccal swab sequences. These 3 animals all had
295
DM in both blood and buccal swabs but one also had additional NCS viral sequences. The NCS 296 sequence in the blood is different from the NCS sequence in the buccal swab. It is worth noting 297 that many Narayanganj animals had an NCS (Table 1C) .
298
In Dokhola the situation is complex (Table 1D) and buccal swab SFV clones. We saw PSAP mutated in the buccal swab sequences of only 2 320 animals. One animal had 1 of 6 clones with the sequence PGAP and another animal had 1 out of 321 5 clones with the sequence PNAP. These changes could be due to PCR generated mutations.
322
The third animal had 3 out of 5 clones with the PSAP domain mutated to SSAP in the blood.
323
The overall conservation of the PSAP motif in transcriptionally active virus is consistent with the 324 importance of this domain in viral transmission and replication. [13] [14] . Data from our study also shows that RNA levels increase with age (Wilcoxon 375 p=4.3x10 -4 , comparing adult copy number to non-adult copy number), with very little or no SFV
376
RNA detectable in animals less than 15 months of age (Fig. 2) . From one macaque we had negative. We do not know why this is the case.
385
APOBEC3 generated hypermutation.
386
We examined the SFV sequences in blood and buccal swabs to determine whether there are 387 changes that could be attributable to APOBEC3 enzymes. It is known that different APOBEC
388
proteins exhibit specific dinucleotide specificities [30] . We took advantage of this by 389 considering whether the underlying probability of observing G to A mutation in a context 390 associated with known APOBEC3 activity is statistically higher than the probability of observing 391 such mutations in control contexts. A Bayesian method, as described in (Matsen et al, 392 submitted), was used to make estimates with uncertainty, of the ratio of the probability of a G to relative probability ratio. From these estimates, we employed two metrics in the data analyses.
395
The Q05 value represents a lower limit on the relative probability ratio (with 95% confidence).
396
The maximum a posteriori (MAP) value represents the most likely relative probability ratio 397 given the data. Higher Q05 correspond to stronger evidence of genuine hypermutation; 
414
We examined whether animals with high levels of hypermutation in their latent proviral correlation between hypermutation and levels of SFV RNA (Fig. 3) .
420
Sequence similarity between latent proviruses and transcriptionally active viruses 421 To better understand the relationship between latent proviruses in blood and transcriptionally animals infected with CM (3), we found interspersion of blood and buccal sequences (Fig. 4A) .
428
At the other extreme, we examined 7 macaques with DM, and 6 of them showed two clusters,
429
one from blood and one from buccal (Fig. 4B) . Although the blood and buccal sequences 430 segregate into distinct clades, the overall sequence identity was 98.5% between buccal and blood 431 viruses, so the branch lengths are very short. Of the 6 core strains studied, DM is the most contrast, a phylogenetic tree was also constructed for an animal in which a different strain was 436 observed in each compartment (Fig. 4D) . As expected, the branch lengths are longer.
437
We also analyzed the phylogenetics of individual strains in all monkey blood and buccal
438
samples from animals in which the same virus was in blood and buccal samples. number, but did not measure the contribution of different viral strains to the SFV RNA level.
471
The variation in SFV levels was very large, up to 4 orders of magnitude between macaques.
472
Although the same methodology was used to obtain the buccal swab samples from each monkey, results, SFV RNA levels were higher in adults than in subadults and juveniles (Fig. 2) 
